In chalcogenide topological insulator materials, two types of magnetoresistance (MR) effects are widely discussed: a sharp MR dip around zero magnetic field, associated with the weak antilocalization (WAL) effect, and a linear MR (LMR) effect that generally persists to high fields and high temperatures. We have studied the MR of thin films of the topological insulator Bi 2 Te 3 from the metallic to semiconducting transport regime. In the metallic samples, the WAL is difficult to identify owing to the low magnitude of the WAL compared to the samples' conductivity. Furthermore, the sharp WAL dip in the MR is clearly present in samples with a higher resistivity. To correctly account for the low-field MR with the quantitative theory of the WAL according to the Hikami-Larkin-Nagaoka (HLN) model, we find that the classical (linear) MR effect should be taken into account in combination with the WAL quantum correction. Otherwise, the WAL fitting alone yields an unrealistically large coefficient α in the HLN analysis. This work clarifies the WAL and LMR as two distinct effects and offers an explanation for the overly large α in the WAL analysis of topological insulators in some studies.
Introduction
Topological insulators (TIs) are quantum matter with metallic surface states surrounding an insulating bulk that result from band inversion in compounds with a large spin-orbit interaction [1, 2] . Many chalcogenides such as Bi 2 Se 3 and Bi 2 Te 3 have been experimentally confirmed to have these topological surface states with a Dirac dispersion through angle-resolved photoelectron spectroscopy (ARPES) [3, 4] . In three-dimensional (3D) Nano Res. 2015, 8(9) : [2963] [2964] [2965] [2966] [2967] [2968] [2969] another commonly observed MR is the nonsaturating linear MR (LMR) effect [19] . Unlike the low-field WAL, this novel LMR is less understood, although its existence seems ubiquitous [20] [21] [22] [23] [24] [25] [26] . As the two prevailing types of MR observed in a TI, the relationship and interplay between the WAL and the LMR have attracted increasing attention in research [26, 27] . In most theoretical models that give rise to an LMR, the LMR is considered to be due to a completely different mechanism than the WAL type of quantum correction effect [28] [29] [30] . However, it was also suggested that the LMR could be merely a high-field extension of WAL [26] . In this work, we compare the low-field and high-field magnetotransport in Bi 2 Te 3 films at different levels of metallicity (or resistivity). These films exhibit a classical LMR effect that is controlled by the level of resistivity and the degree of granularity of the sample [31] . We found that the WAL effect is more clearly present in samples with a larger resistivity in which the LMR effect is weak. For samples with an increasingly lower resistivity and a stronger LMR, the WAL fitting of the low-field magnetoconductivity according to the Hikami-LarkinNagaoka (HLN) model produces an unreasonably large coefficient (or magnitude) of the WAL correction. This overestimate of the WAL correction can be remedied by subtracting the magnetoconductivity associated with the LMR as a background. This finding highlights that the MR data for TIs need to be carefully analyzed, as the WAL could be mixed with other MR effects that have a classical or semiclassical origin.
Experimental method
Bi 2 Te 3 films were grown by a vapor transport deposition method on semi-insulating Si substrates with dimensions of ~1.5 cm × 1.5 cm in a 10% H 2 /Ar carrier gas. The growth method is described in detail in Ref. [31] . Briefly, a 99.99% Bi 2 Te 3 powder was used as a precursor and thermally evaporated inside a one-inch diameter quartz tube placed in a single-zone tube furnace (Lindberg Blue M) set at 500-520 °C . An argon (with 10% H 2 ) carrier gas was used at a flow rate of 40 sccm to transport the evaporated Bi and Te vapors downstream for the deposition of a Bi 2 Te 3 film onto the Si substrate, which was 14-15 cm away from the Bi 2 Te 3 source (center of the furnace). The Bi 2 Te 3 films studied in this work were typically grown at pressure of 30-50 Pa over 5 min. They have Bi-to-Te ratio of approximately 2:3 and a thickness of approximately 100 nm, as confirmed by energy dispersive X-ray spectroscopy and scanning electron microscopy (SEM) [31] . Here, we focus on the representative magnetotransport data collected for five samples with increasingly semiconducting behavior, denoted as S1, S2, S3, S4, and S5. The electrical behavior (metallic versus semiconducting) of the Bi 2 Te 3 films presented here was varied by changing the growth conditions (temperature and pressure). Generally, we found that in the pressure and temperature ranges used in this study (500-520 °C and 30-50 Pa), a higher temperature and pressure yielded a more metallic sample with a higher mobility (e.g., among S1-S5, S1 was grown at 520 °C and 50 Pa and exhibited the strongest metallic R(T)). The as-grown samples were cut into ~3 mm × 10 mm rectangular shapes, and silver paste was placed onto the Bi 2 Te 3 film to obtain an ohmic contact. Their transport properties were investigated by a Quantum Design Physical Property Measurement System using a Hall-bar configuration.
Results and discussion
In order to compare the basic transport behavior of these samples, the temperature-dependent resistance R at B = 0 for S1, S2, S3, S4, and S5 is shown in Fig. 1(a) . The resistance is normalized to its value at 300 K to emphasize the temperature dependence. The respective sheet resistances at 300 K are 462, 343, 166, 76, and 4,800 /square for S1, S2, S3, S4, and S5. SEM images of S1, S2, and S5 are shown in Figs. 1(b)-(d). Similar to Ref. [31] , S1 consists of the most densely connected microplates of Bi 2 Te 3 and exhibits the strongest metallic behavior in its temperature-dependent R among these five samples. This is correlated with its highest low-T mobility (~300 cm 2 /(V·s) at 2 K). On the other hand, samples made of more loosely connected microplates exhibit more insulating behavior, reflecting their lower mobility (5-100 cm 2 /(V·s) at 2 K). The carrier density is approximately 10 19 -10 20 /cm 3 [31] . Given the high carrier density in these films, bulk carriers are expected to dominate the transport.
In our previous work [31] , we also observed that Nano Res. 2015, 8(9): 2963-2969 these Bi 2 Te 3 films exhibit mobility-fluctuation-induced classical LMR whose magnitude is correlated with the average mobility of the film and the degree of granularity. Because of the higher mobility, more metallic samples generally exhibit a stronger MR effect [31] . Such an effect is also observed in this study. As can be seen in Fig. 2(a) , the perpendicular magneticfield-induced MR in the metallic sample, S1, exhibits quadratic behavior at low B and an LMR at high B.
The MR, ΔR(B)/R(0), is nearly 120% from B = 0 to -5 T or +5 T and has very little temperature dependence for T = 2-20 K. However, the more insulating samples, S2, S3, S4, and S5, exhibit a much weaker MR effect (<25%) over the same field range, as shown in Fig. 2(b) . Comparing Figs. 2(a) and 2(b), it is observed that the low-field (B < 1 T) behavior is different, even though all of the films exhibit an LMR in the high-field regime (B > 1 T) [31] . In S1, the low-field MR is quasiquadratic, similar to the classical MR in metals or semiconductors. However, the MR around B = 0 appears as a sharp dip in S2-S5 ( Fig. 2(b) ) at a low temperature. This dip in the MR around B = 0 is the sharpest in the most insulating sample, S5, and becomes progressively weaker from S4 to S3 to S2 as the sample becomes more metallic. This sharp dip in the MR around B = 0 at low temperatures is the well-known WAL effect due to destructive quantum interference or the suppressed backscattering of carriers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The attribution of the MR around B = 0 in S2-S5 to the WAL effect is confirmed by its temperature dependence. We plot the MR for S2 and S5 at T = 2, 5, 10, and 20 K in Figs. 2(c) and 2(d). As expected in the WAL phenomenon, the MR dip around B = 0 is sharper at lower T, where the electron dephasing (electron-electron and electronphonon scattering) is weaker, and the coherence time is longer. On the other hand, the LMR effect at B > 1 T does not vary much with temperature, except for a shift caused by the T dependence of the WAL. This is consistent with the classical nature of the fluctuationor inhomogeneity-induced LMR in disordered materials [29, 31, 32] because the quantum coherence of carriers does not play a role in the origin of the LMR. In the following, we will discuss this WAL-induced MR effect in more detail, and our analysis points to the importance of separating it from other classical MR effects such as the inhomogeneity-induced LMR [29, 31, 32] . 
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Because quantum interference effects give rise to a correction in the diffusion constant and thus the conductivity, the magnetoconductivity G xx (B) instead of the MR is more typically analyzed. We first analyze G xx (B) of S5, which exhibits the clearest WAL decrease in the MR (Fig. 2(d) ). Figure 3(a) shows G xx (B) in units of e 2 /h per square versus the perpendicular magnetic field at various temperatures for S5. Here, G xx is obtained by inverting the MR tensor; however, G xx (B) ≈ 1/R xx × (L/W), where L is the length, and W is the width of the sample, because the Hall resistance R xy of these films is much smaller than the longitudinal resistance R xx [31] . After inverting the MR, the WAL effect is shown as a sharp cusp around B = 0. At B > ~1 T, where the WAL effect is completely destroyed by the magnetic field, the magnetoconductivity exhibits a linearly decreasing trend as a result of the LMR. This classical magnetoconductivity effect due to the LMR is highlighted by the dashed line as a guide for the eyes for the T = 2 K curve. Figure 3(b) plots the magnetoconductivity for S2.
The 2D WAL correction to the magnetoconductivity is described by the HLN formula [33] ΔG xx (B) WAL (1) where
by the dephasing length L  ,  is the digamma function, and α is a constant [8, 9] . It is known that α = 1/2 is expected for a single layer of TI surface states or a conventional 2D system with strong spin-orbit scattering [8, 9] . In the TI Bi 2 Se 3 and Bi 2 Te 3 systems, typical experimental values of α cover the range of 0.1-1, depending on the Fermi level position and the thickness of the sample [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . A value of α = 1 was commonly interpreted as a TI film having two independent layers of surface states, each contributing α = 1/2, whereas α < 1 is generally interpreted as an indication of interlayer or surface-bulk coupling [9, 27] . We first directly fitted the magnetoconductivity data to a 2D WAL model (Eq. (1)). A reasonably good fit between the experimental data and Eq. (1) was obtained, as shown in Fig. 3(c) . However, the fitted prefactor α is unrealistically large (α > 6) for S2, as shown in Fig. 3(d) .
Similarly, values of α that are much greater than one were obtained for S3 and S4 (Table 1) . We note that S2, S3, and S4 all had much higher conductivities and exhibited large changes in the absolute value of the conductance as B varies compared to S5, which are associated with the classical LMR effect. Without distinguishing the WAL from the LMR effect, which has a different origin [31] , the large change in G xx (B) due to the classical MR artificially led to an overly large value of α when directly fitting the data to Eq. (1). To correctly account for both the WAL and the classical MR effect in the analysis, we fitted our magnetoconductivity data according to G xx (B) = ΔG xx (B) WAL + G xx (B) C , the sum of the 2D WAL quantum correction (Eq. (1)) and the classical term G xx (B)C = 1/(R 0 + R' × B). The simple expression for the classical magnetoconductivity G xx (B) C is motivated by the LMR observed in S2, S3, S4, and S5 at B > 1 T (Fig. 2) , where the Hall resistance is neglected owing to its very small magnitude [31] . Because the classical MR is mixed with the WAL effect at B < 1 T in these samples at low T, it is difficult to determine if the LMR persists down to B = 0, as our expression of G xx (B) C assumes; therefore, a more complicated expression for G xx (B) C might be necessary in the low-field regime. However, the G xx (B) C expression we use here serves well to demonstrate the essential point that both the classical MR and WAL effects contribute to the analysis of the magnetotransport using the simplest phenomenological model for the classical effect. Moreover, from the MRs of S2 and S5 at somewhat elevated temperatures (e.g., 20 K), where the WAL has diminished (Figs. 2(c) and 2(d)), we see that the LMR is a good approximation for the classical MR term down to low fields. In Fig. 4 , we plot the classical term of G xx (B) as red dashed lines for S2 and S5. This shows that the magnetoconductance change in S2 is dominated by the classical effect in S2, naturally explaining why the α was too large when the data were interpreted as due to the WAL alone. In Table 1 , we list α obtained by fitting the magnetoconductivity data to the 2D WAL alone versus taking into account both the WAL and classical effects. After correctly considering the classical MR effect as a background contribution in the fitting of the G xx (B) data, α became significantly smaller and more reasonable, particularly for S2-S4 with higher conductivities and larger changes in the classical magnetoconductance. This insight into the impact of the classical MR in the low-field regime may offer an explanation of why α appeared to be too large in some WAL analyses of the LMR in the literature [26] . For the metallic sample, S1, the MR was totally dominated by the classical effect; thus, no meaningful WAL analysis could be performed.
Conclusions
In conclusion, magnetotransport properties of Bi 2 Te 3 films were investigated. Although the metallic sample exhibits an MR dominated by the classical effect [31] , samples with less metallic behavior exhibited a sharp positive MR around B = 0 at low temperatures due to the WAL effect. To correctly analyze the magnetoconductivity data using the 2D WAL model, we found that the classical MR-induced change in the magnetoconductivity should also be taken into account. Otherwise, the 2D WAL fitting alone would yield an overly large value of α in the WAL correction. This study provides new insights into the understanding and interpretation of MR effects in TIs.
Figure 4
Fitting (blue solid line) of the magnetoconductivity at 2 K for (a) S5 and(b) S2 using the model of the 2D WAL plus the classical background due to the LMR effect. The LMR-induced magnetoconductance background is indicated by the red dashed lines, which accounts for much of the change in the magnetoconductance, especially in the high conductivity sample, S2.
